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ABSTRACT 
Following a review of the European distribution, habitat requirements and life history characteristics 
of two riparian tree species, Alnus incana (L.) Moench. (grey alder, a member of the Betulaceae 
family) and Populus nigra L. (black poplar, a member of the Salicaceae family), we explore their 
changing spatial distribution and topographic position within a 7 km, island braided reach of the 
Tagliamento River, Italy, where Populus nigra dominates the woody vegetation cover. Combining 
field observations and information extracted from aerial images, airborne lidar data, and river flow 
time series for the period 1986 to 2017, we investigate (i) the changing spatial distribution of all (P. 
nigra-dominated) woody vegetation and of A. incana alone, (ii) whether river bed topography can be 
associated with these changing spatial distributions, and (iii) we consider whether A. incana displays 
any particular characteristics in its spatial and topographic distribution that may indicate that it is 
complementing the physical engineering role of P. nigra. We show that A. incana predominantly 
grows in lines along channel, island and floodplain edges, bordering wooded areas dominated by P. 
nigra and that areas supporting A. incana are associated with the topographic development of the 
river bed. We conclude that A. incana appears to be acting as a complementary physical engineer to 
P. nigra, suggesting that similar complementary physical engineering of river beds may be achieved 
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INTRODUCTION 
‘Riparian zones are the interfaces between terrestrial and aquatic systems’ (Gregory et al., 1991), 
which we interpret to include the river channel bed and margins above the level of typical low flows 
and the active floodplain that is regularly inundated by the contemporary flow regime. These areas 
are morphologically complex and dynamic, responding and adapting to fluvial disturbances and 
supporting a mosaic of physical habitats (Naiman et al., 2005) from ponds and exposed bare 
sediments through sparse to heavily vegetated areas with widely varying sediment calibre and 
stratigraphy, groundwater regimes, and susceptibility to inundation and drought (Gurnell and Petts, 
2011). In these dynamic landscapes, the presence and survival of plants is defined by life history 
traits that support colonisation and establishment under highly disturbed conditions (e.g. Mahoney 
and Rood, 1998; Johnson, 2000; Polzin and Rood, 2006; Bornette et al., 2008). Riparian 
environments represent the most diverse and productive ecosystems on earth, and an increased 
understanding of their functioning is crucial for their sustainable management (Tockner and 
Stanford, 2002) particularly within the context of global environmental change (Kominoski et al., 
2013; Van Looy and Piffady, 2017). 
Over the last two decades, the ways in which riparian plants respond to physical disturbances and 
constraints and also influence river morphodynamics has received increasing attention (Corenblit et 
al., 2007; Gurnell et al., 2012; Polvi and Wohl, 2013; Gurnell, 2014). In particular, certain ‘engineer’ 
species are now recognised to modulate materials, resources and energy flows, influencing the 
creation and maintenance of fluvial landforms and associated ecological successions (e.g. Kollmann 
et al., 1999; Gurnell et al., 2001, 2016; Corenblit et al., 2007, 2009, Tabacchi et al., 2019). Building on 
knowledge of life history and ecological characteristics (Karrenberg et al., 2002), much research has 
focused on the role of Salicaceae species in initiating, building and sustaining landforms (Gurnell et 
al., 2005; Francis et al., 2009; Corenblit et al., 2009) and thus creating a topographic signature of 
vegetation development across river beds and margins (Bertoldi et al., 2011b; Bywater-Reyes et al., 
2017). Research has also revealed the biomechanical properties of the Salicaceae that allow this 
family to survive, to retain fluvial sediments and to build and reinforce landforms (e.g. Imada et al., 
2008; Scippa et al., 2008; Pasquale et al., 2012; Bankhead et al., 2017; Holloway et al., 2017 a, b, c; 
Wintenberger et al., 2017).  
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Recently, Hortobágyi et al. (2018) explored the engineering roles of three Salicaceae species, Populus 
nigra, Salix purpurea and Salix alba along the Allier River, France. They observed that P. nigra is the 
main engineer species influencing bar scale landform development, whereas S. purpurea and S. alba, 
respectively, influence sediment retention on the most exposed parts of bars and on the more 
sheltered areas of the bar tail. Thus, the three species perform complementary roles reflecting their 
different but also overlapping spatial patterns of establishment and biogeomorphic feedbacks on 
river bars. 
In this paper, we aim to extend previous research on ecosystem engineering by riparian trees 
belonging to the Salicaceae family by focusing on two riparian tree species drawn from different 
families: Alnus incana (L.) Moench. (grey alder, a member of the Betulaceae family) and Populus 
nigra L. (black poplar, a member of the Salicaceae family). Since much previous research has 
explored the physical ecosystem engineering role of the riparian Salicaceae in general and P. nigra in 
particular, we place greater emphasis on A. incana. Following a review of the European distribution, 
habitat requirements and life history characteristics of both species, we introduce a 7 km, island-
braided study reach of the Tagliamento river, Italy (Figure 1), where P. nigra is the dominant riparian 
tree species but where we have observed an increase in the cover of A. incana over the last two 
decades. Using information for three areas within the study reach extracted from field observations 
and a range of historical sources (river flow time series, aerial imagery, airborne lidar data), we 
pursue three research aims: 
RESEARCH AIM 1: To establish the changing spatial distribution of all (P. nigra-dominated) 
woody vegetation and of A. incana alone. 
RESEARCH AIM 2: To investigate whether river bed topography can be associated with the 
changing spatial distribution of all woody vegetation and of A. incana, alone.  
RESEARCH AIM 3: To interpret and discuss results from the above lines of evidence to consider 
whether A. incana displays any particular characteristics in its spatial and topographic 
distribution that may indicate that it is complementing the physical engineering role of P. nigra. 
 
EUROPEAN DISTRIBUTION, HABITAT AND LIFE HISTORY CHARACTERISTICS OF ALNUS INCANA AND 
POPULUS NIGRA 
Houston Durrant et al. (2016) and de Rigo et al. (2016), respectively, map the natural European 
distribution of A. incana and P. nigra. Alnus incana extends across Scandinavia and Poland into 
Russia, covers much of central Europe and the Alps, and extends eastwards along the Carpathian 
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and Balkan mountains and the Dinaric Alps. A single sub-species of A. incana (Alnus incana ssp. 
incana) is native to Europe (Wilson et al., 2018) and remains quite common within its native range. 
The native range of P. nigra extends from England and Wales across Germany, Poland and into 
Russia in the north, to the north African coast in the south, and from the Iberian peninsula in the 
west across central and southern Europe into Turkey in the east. P. nigra is highly threatened within 
Europe because of habitat degradation and lack of genetic diversity. 
Data from Houston Durrant et al. (2016) indicate that within Europe A. incana occupies areas whose 
average annual temperature is between -2 oC and +9 oC, average temperature in the coolest month 
is between -15 oC and +2 oC, and annual precipitation is between 500 and 3000 mm. Data from de 
Rigo et al. (2016) indicate that P. nigra occupies areas whose average annual temperature is 
between +6 oC to +17 oC, average temperature in the coolest month is between -5 oC and +10 oC, and 
annual precipitation falls between 300 and 1300 mm.  
The following descriptions of habitat requirements and life history traits that may support the two 
species in colonising and engineering river beds synthesise information for A. incana from Rytter 
(1996), Rytter et al. (2000), Roy et al. (2007), Chapin et al. (2016), Houston Durrant et al. (2016) and 
Wilson et al. (2018) and for P. nigra from Barsoum (2001), Chiatante et al. (2010), Guilloy-Froget et 
al. (2002, 2011), Karrenberg et al. (2002), Imbert and Lefèvre (2003), Karrenberg and Suter (2003), 
Francis and Gurnell (2006), Francis (2007), Moggridge and Gurnell (2009), Gurnell (2016), Holloway 
et al. (2017 a, b), Wintenberger et al. (2017, 2019). 
Both are pioneer species that can rapidly colonise areas of bare ground. Alnus incana prefers moist 
and nutrient rich sites but is able to grow on poorer, moderately dry sites. Populus nigra colonises 
open, bare riverine sediments. Moisture availability and lack of shade are the most important initial 
environmental conditions. Thereafter, a sustained moisture supply and lack of disturbance are 
important for early root and shoot growth. During inundation, young seedlings of both species are 
susceptible to disturbance from high flow velocities as well as sediment erosion and burial. 
Based largely on observations from plantations, A. incana establishes from seeds, root suckers and 
stump sprouts, but is less likely to reproduce asexually than P. nigra during the early years of growth, 
although flood damage may encourage earlier sucker and root stump shoots in a similar manner to 
that reported for regrowth following plantation coppicing. Seed production commences at around 6 
to 15 years. Observations for P. nigra are mainly drawn from riparian environments, where the 
species establishes from seeds, root suckers and stump sprouts but, unlike A. incana, sprouting and 
sucker development occur from an early age in response to burial and plant damage. The species 
5 
 
regenerates from vegetative fragments of all sizes if environmental conditions are suitable. Seed 
production commences at an age of 6 to 10 years. 
Alnus incana flowers in early spring, releasing small (1-2 mm) seeds between September and 
October. Seeds are dispersed up to 30 m by wind and over much longer distances by water. Seeds 
readily germinate under suitable conditions but are also easy to store (Gosling, 2007), with some 
evidence that they form a short-term persistent seed bank (seeds remain viable for at least 1 year) 
(Thompson et al., 1997). Populus nigra flowers in spring and the small, light seeds (approximately 
1500 seeds per g) are dispersed long distances by wind and water over 2 to 12 weeks in spring and 
early summer. Salicaceae seeds are currently impossible to store (Gosling, 2007). Karrenberg and 
Suter (2003) determined a half-viability period for P. nigra seeds in dry storage of around 23 days.  
Maximum growth rates for A. incana occur within the first 10 to 20 years, and mature trees can 
reach a height of 25 m with a lifespan of 60 to 100 years. Establishment and growth of P. nigra is 
highly sensitive to moisture availability and depth to groundwater. Along the Tagliamento river, 
shoots from seedlings, cuttings and uprooted trees show typical daily growth rates of 1, 2 and 10 
mm, respectively, in their first growing season, and average annual vertical growth increments for 2 
to 24 year trees show a logarithmic increase with age from around 0.5 to >1 m (Gurnell, 2016). Trees 
can reach a height of 40 m.  
In summary, P. nigra and A. incana show differences in their life history traits and environmental 
requirements, which are relevant to the present research aims because they may translate into 
different spatial distributions and different styles of influence on the topographic development of 
the river bed. 
 
STUDY AREA 
The 7 km long, study reach of the Tagliamento river, NE Italy, (Figure 1) has a downstream gradient 
of 0.0036 m.m-1 and a braid plain up to 800 m wide which contains numerous wooded islands. Island 
riparian woodland is dominated by P. nigra, although other Salicaceae species are present, notably 
Salix alba, S. daphnoides, S. elaeagnos, S. purpurea and S. triandra. Alnus incana is also widely 
observed within the study reach, although our interest in this species was stimulated by an apparent 
increase in its cover over the last two decades. Furthermore, although the role of P. nigra as a 
physical ecosystem engineer, driving island development along the Tagliamento has been widely 
reported (e.g. Gurnell et al. 2005, 2019, Gurnell and Petts, 2002, 2006, Francis et al., 2009, Gurnell, 
2016, Zen et al., 2017), the role of A. incana is unknown. 
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In a survey of woody vegetation along the main stem of the Tagliamento river, Karrenberg et al. 
(2003, Figure 2) established that A. incana is confined to the upper and middle reaches of the river 
while P. nigra is present through the middle and lower reaches. The study reach marks the most 
downstream location of A. incana recorded by Karrenberg et al. (2003) at a transect located 75 km 
from the river’s source (Figure 1), whereas P. nigra was observed both upstream and downstream, 
although at the study reach it showed a major expansion in its basal area (i.e. both its abundance 
and size).  
 
Figure 1: The study reach showing areas I, II and III where field surveys were conducted in 2019, the 
transect at 75 km from source where Karrenberg et al. (2003) undertook field measurements, and 
survey locations A, B, C, D, DE and E where field measurements were collected within the study 
reach in 2007. (The image was downloaded from Google Earth, image©2019 Maxar Technologies). 
Flow is from North East (top right) to South West (bottom left). 
 
The suitability of the local climate for both species can be assessed by reference to a climatological 
station at Osoppo, which is located on the floodplain, 3 km from the study reach. Here, the average 
annual precipitation (1326 mm) is within the European range occupied by A. incana and close to the 
maximum observed for P. nigra (see previous section), the average annual temperature (+12.0 oC) is 
3 oC above the range typical for A. incana and the coolest month temperature (+2.2oC) is close to the 
maximum observed for this species, whereas the local minimum and average temperatures are at 
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the centre of the European range occupied by P. nigra (Osoppo climate data downloaded from 
https://en.climate-data.org/europe/italy/friuli-venezia-giulia/osoppo-113897 on 7 August 2019).  
 
Figure 2: Number of woody species and cumulative basal area of the three most common species 
observed at sites spaced at 10 km intervals along the main stem of the Tagliamento in summer 1999 
(data from Karrenberg et al., 2003). 
 
Thus, the study reach is located at the downstream limit of A. incana along the Tagliamento and has 
a temperature regime that is close to the limits of A. incana’s natural European range. In contrast, P. 
nigra is the dominant riparian tree species both upstream and downstream of the study reach, and 
the study reach offers a temperature regime that is at the centre of the European range occupied by 






A variety of data sources were used to support analyses directed at research aims 1 and 2, and to 
provide the bases for discussion of research aim 3. 
 
Literature 
Understanding tree growth performance is critical to addressing research aim 1 as well as building 
links between evidence extracted from spatial (field observations, aerial images, lidar surveys) and 
temporal (flow time series) data sources, to address research aims 2 and 3. While P. nigra is the 
dominant tree species throughout the woodland of the study reach, allowing this species’ spatial 
encroachment to be established simply from the extent of all woody vegetation cover, and its 
growth performance within the study reach is already established (Gurnell, 2016), neither of these 
properties are established for A. incana.  
One source of A. incana growth performance information is the published literature, from which 
observations of the height, stem diameter and age of A. incana were extracted for a number of sites 
within Europe.  
 
Field Observations 
The growth performance of A. incana was also investigated within the study reach, as well as 
establishing the spatial distribution of the species to contribute to research aim 1.  
Growth performance was investigated in September 2007. Islands were searched at six locations 
distributed in an upstream to downstream sequence through the reach to capture any impacts of 
downstream variations in the growing environment. Each location was searched for 10 specimens of 
A. incana taller than 4 m. None were found at the most upstream (A) and downstream (F) locations, 
two individuals were located at B (8 additional smaller trees were sampled), ten were located at 
each of C, D and E, and the tallest alder individuals observed during the survey were found between 
sites D and E (DE, Figure 1) where 5 additional trees were sampled. At the time of this survey it was 
difficult to find ten A. incana individuals that were taller than 4 m at any location, although shorter 
trees were observed, particularly at C, D, DE and E. The following measurements were collected for 
the 45 sampled trees (38 >4 m tall): stem diameter and age (count of annual growth rings) at 1 to 1.3 
m above the ground surface, and height (estimated from scaled photographs). 
The spatial distribution of all alder trees taller than 4 m and the size of the tallest individuals were 
recorded in March 2019 in three areas of the study reach (I - – 132,000 m2, II – 560,000 m2, III –
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221,000 m2; Figure 1). These areas enclosed 2007 survey sites B, C, D and DE. All islands at 2007 
survey sites A and E and around the transect at 75 km from the river’s source (Figure 1) that was 
explored by Karrenberg et al. (2003) had been removed by fluvial erosion and so could not be 
included in this field survey. Areas I, II and III were searched for A. incana >4 m in height and the 
locations of over 600 trees were recorded using a hand-held GPS. Where alder trees were closely 
spaced, sufficient trees were recorded to capture locations at a minimum 10 m spacing. In addition, 
scaled photographs (to estimate tree height) and stem diameter measurements were collected for 
69 of the tallest alder trees.  
 
Secondary Data 
Secondary sources provided information on the spatial distribution of all (P. nigra-dominated) 
woody vegetation cover (research aim 1) and the topography of the river bed at different dates, 
allowing the temporal development of vegetation cover (research aim 1) and bed topography 
(research aim 2) to be established.  
The spatial extent and height of woody vegetation and the topography of the river bed were 
extracted from three airborne lidar surveys (May 2005, August 2010, October 2013; average point 
density per m2, respectively, 1, 4 and 10), providing complete coverage of areas I, II and III, apart 
from the upstream half of area II, which was missing from the 2010 survey and only 50% covered by 
the 2013 survey. Rectified aerial images from 1986, 1993, 1997, 2003, 2005, 2010, 2011, 2013 and 
2017 (resolution ranged from approximately 1.5 m (earliest) to 0.2 m (latest images)) visualised the 
changing positions and spatial extent of the river bar and channel network and wooded areas over 
four decades.  
A river stage record from a station approximately 3 km downstream of the study reach (Figure 3) 
allowed information extracted from the spatial sources to be placed into their temporal hydrological 
context. All events exceeding a stage of 3 m (black and white arrows) indicate a bankfull flood within 
the study reach (Bertoldi et al., 2009) and thus an event capable of significant channel-bed 
vegetation and landform disturbance. In particular, we focus on events in November 1990, June and 
November 1996, November 2000 and October 2004 (black arrows, Figure 3) because they are all 
large events that are sufficiently old for any surviving vegetation to be well established at the time of 
the field survey in 2019 and because aerial images are available before, between and after these 





Figure 3: Daily river stage record, 1985 to present, at the Villuzza station (located 3 km downstream 
from the study reach). The record after 2000 (black line) represents the daily maximum stage 
extracted from 30 minute observations. The precise nature of the record before 2000 (grey line) is 
unknown but probably varies between single observations within a day and the highest observation 
within a day (where the number of observations within a day is highly variable). Arrows indicate 
floods exceeding the approximate level of bankfull (stage = 3 m) with black arrows denoting the four 




While the changing extent of P. nigra can be estimated from the extent of the entire woody 
vegetation cover in aerial images, a measure of growth performance is critical to unravelling when 
the A. incana individuals mapped in 2019 may have started to grow. Growth performance of A. 
incana was estimated from the 2007 and 2019 field measurements of the largest individual alder 
trees and data extracted from the published literature, including relationships among height, stem 
diameter, age and growth performance.  
To further investigate the changing spatial distribution of A. incana, the 2019 GPS locations of alder 
trees were entered into a GIS along with the rectified image and lidar data sets. The positional 
accuracy of the GPS locations for isolated trees was found to be approximately 5 m, judged from the 
positions of the same trees on the most recent images and lidar surveys. Where locations of 
individual trees were clear on recent image and lidar evidence, the GPS locations were adjusted to 
the centre of the canopy of the relevant tree. Circular polygons of 5 m radius were then centred on 
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all the surveyed points and where these circles overlapped, areas or lines of trees were interpolated 
between the surveyed points to visualise spatial patterns in their distributions. The distribution of 
alder trees surveyed in 2019 was compared with the distribution of all woody vegetation in historical 
images, to identify when the locations occupied by each alder tree became vegetated.  
 
Aerial Images 
To further contribute to research aim 1, reconstructions of the evolution of all (P. nigra-dominated) 
woody vegetation cover and also the field-observed alder were achieved using the historical 
sequence of aerial images (1986 to 2017). The colonisation and subsequent growth of A. incana 
within areas I, II and III were interpreted by overlaying the points, lines and areas occupied by alder 
in 2019 on the rectified historical images. 
 
Lidar Data 
Following Bertoldi et al. (2011b), the lidar data were classified into terrain and vegetation. Digital 
Elevation Models (DEMs) were estimated for the underlying terrain. The longitudinal slope of the 
river bed was estimated by computing a moving average of bed elevation (excluding areas beyond 
the braid plane) within an 800 m square window. Average elevation within each window was 
calculated and a surface corresponding to the downstream slope at average elevation was 
subtracted from each DEM to yield a detrended DEM (independent of downstream slope). 
Vegetation height was interpolated as the difference between the interpolated ground surface DEM 
and the lidar point cloud. Lidar data were used in three ways to investigate the height, growth 
performance, geographical (research aim 1) and topographic position (research aim 2) of alders 
within areas I, II and III. 
First, relationships between tree height and growth rate were explored to establish the growth 
performance of A. incana. Forty-six isolated alder trees observed during the 2019 field survey were 
identified within the 2013 lidar data set. Nineteen of these trees were present and their height could 
be extracted from the 2005, 2010 and 2013 lidar data sets, allowing their average annual growth 
increment to be estimated between 2005 and 2013 (8 years) and 2005 and 2010 (5 years). These 
data were used to estimate relationships between tree growth performance, height and age, and to 
define height ranges that might be achieved by A. incana colonising the reach before or following 
three flood events (1996, 2000, 2004, Figure 3). The 1990 flood was not included in this analysis 
because of the limited data for sufficiently old trees. Growth performance information extracted 
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from the 2007 field data set was used to sanity-check the lidar-derived estimates of growth rate in 
relation to tree height and age (see Supplementary Material). 
Second, we extracted the height of the entire woody vegetation canopy taller than 1 m on a 2 m 
resolution grid and the maximum canopy height within a 1.5 m radius around all locations of alder 
recorded in the field in 2019. At the same locations, we also extracted the detrended ground 
elevation from all three lidar data sets. We then constructed relative (proportional) frequency 
distributions of the detrended elevation of the river bed along the entire study reach and also 
relative detrended elevation frequency distributions for the ground surface under the alder trees 
mapped in 2019 and under all woody vegetation within areas I, II and III for all lidar surveys (2005, 
2010, 2013). In this way the changing height (age) of all woody vegetation and of the 2019 observed 
A. incana individuals could be linked to changes in the morphology of the underlying river bed 
providing a basis for any distinctive topographic signatures to be identified. 
Third, we also subdivided the alder locations and locations under all woody vegetation into four 
canopy height classes, reflecting likely thresholds of growth for alder trees that developed following 
the floods in 1996, 2000 and 2004 (Figure 3, < 5 m, 5 - < 8 m, 8 - < 10 m and > 10 m). We applied 
these classes to the proportional frequency distributions of detrended bed elevation described 
above to link trees of different size classes to their topographic position. This allowed a more 
detailed analysis of the links between flood disturbances, alder colonisation and growth, and the 
development of river bed morphology, potentially distinguishing unique patterns linked to any 
physical engineering of the river bed by A. incana. 
 
RESULTS 
Growth performance of A. incana 
We base our analysis of A. incana dynamics in the study reach entirely on growth performance 
estimates from lidar data. However, we used field measurements collected in 2007 and published 
data (Huss-Danell and Lundmark, 1988; Aosaar and Uri, 2008; Johansson, 2005; Uri et al., 2009, 
2014, 2017; Krzaklewski et al., 2012, Wilson et al., 2018) to check that the lidar estimates were 
robust. For reasons of space economy, we present these data sets and their analysis in 
Supplementary Material and summarise the results below. 
The 2007 field estimates of annual growth increment fall in the lower half of the published range for 
A. incana of the same age (Supplementary Material Figures IA and IB). Field measurements of tree 
height plotted against diameter in 2007 and 2019 show a consistent trend, but the 2019 
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measurements are generally taken from taller trees (evidence of an increase in the size of the largest 
trees between the two survey dates) and the Tagliamento trees are shorter than published data for 
the same stem diameter (Supplementary Material Figures IC and ID). 
When tree heights are plotted against estimates of annual average growth increment, there is good 
overlap between lidar estimates and 2007 field estimates (Supplementary Material Figure IIA). Using 
only the lidar data, a fixed growth increment of 0.6 m.yr-1 (Supplementary Material Figure IIB, 
approximating the median and mean lidar estimated growth rates of 0.63 and 0.59 m.yr-1) was 
compared with estimates based on a best-fit logistic function that emulated the S-shaped curve 
commonly described by tree growth (Supplementary Material Figure IIB, Tsolaris and Wallace, 2002; 
Camporeale and Ridolfi, 2006). When we used the fixed rate of 0.6 m.yr-1 and the estimated logistic 
function to separate observations of alder across areas I, II and III into trees that probably post-
dated three of the four flood events in our study period in 1996 (17 years before the 2013 lidar 
survey), 2000 (13 years before the 2013 lidar survey) and 2004 (9 years before the 2013 lidar 
survey), both methods gave similar results: trees of 17, 13 and 9 years of age would be 10.2, 7.8 and 
5.4 m tall or 10.2, 7.6 and 4.7 m tall, respectively. Therefore, we selected approximate height 
thresholds of 10, 8 and 5 m to explore spatial distributions of alder of different age and their 
potential association with flood disturbance events. 
 
Spatio-temporal distribution of alder in comparison with all woody vegetation  
Figures 4 (area I), 5 (N part of area II), 6 (S part of area II) and 7 (area III) provide overviews of the 
changing distribution of channels, bars and vegetation cover for the three areas where A. incana was 
mapped in 2019. Area II is split into two (Figures 5 and 6) because it is much larger than areas I and 
III. We show rectified aerial images from 1986, 1993, 1997, 2003 and 2005 to visualise areas I, II and 
III before and after the 1990, 1996, 2000 and 2004 floods and also in 2017, the closest image date to 
the 2019 field survey. In Figure 8 we present the DEM and height distribution of vegetation derived 





Figure 4: Area I (red polygon) and locations of alder trees surveyed in 2019 (yellow dots) overlain 
with lines of alder (orange lines) over-plotted on rectified aerial images captured in 1986, 1993, 
1997, 2003, 2005, and 2017. North is towards the top of the images and flow is from North to South. 





Figure 5: Area IIA (northern part of area II, red polygon) and locations of alder trees surveyed in 2019 
(yellow dots) overlain with lines of alder (orange lines) over-plotted on rectified aerial images 
captured in 1986, 1993, 1997, 2003, 2005, and 2017. North is towards the top of the images and 
flow is from North East to South West. The 2017 image was obtained from Google Earth: Image © 





Figure 6: Area IIB (southern part of area II, red polygon) and locations of alder trees surveyed in 2019 
(yellow dots) overlain with lines of alder (orange lines) over-plotted on rectified aerial images 
captured in 1986, 1993, 1997, 2003, 2005, and 2017. North is towards the top of the images and 
flow is from North East to South West. The 2017 image was obtained from Google Earth: Image © 





Figure 7: Area III and locations of alder trees surveyed in 2019 (yellow dots) overlain with lines of 
alder (orange lines) over-plotted on rectified aerial images captured in 1986, 1993, 1997, 2003, 
2005, and 2017. North is towards the top of the images and flow is from East to West. The 2017 





Figure 8: Digital elevation models (grey images - darker greys indicate lower elevations) and 
vegetation height (green images – darker greens indicate taller vegetation) estimated from the 2005 
Lidar survey for areas I, IIA (northern part of II), IIB (southern part of II) and III showing locations of 
alder trees surveyed in 2019 (yellow dots) overlain with lines of alder (orange lines) over-plotted on 
rectified aerial images captured in 1986, 1993, 1997, 2003, 2005, and 2017. North is towards the top 




In area I (Figure 4) the bar and channel layout has changed little since 1986, particularly in the 
southern half of the area (see also the 2005 DEM, Figure 8). The vegetated area (indicative of the 
spatial distribution of P. nigra) was very small in 1986, but by 1993 patches of trees of varying 
density had appeared in both the northern and southern parts of area I. Between 1997 and 2003, 
these vegetated areas matured to form closed canopies, which have largely persisted through 2005 
and 2017, becoming increasingly surrounded by numerous more recently vegetated patches. The 
2019 alder locations have mainly been vegetated since before 1993, and in the southern half of the 
area many are aligned along channel edges that were present in 1986, suggesting that most of the 
2019 surveyed alder trees in the southern part have been present since the 1990 flood and may pre-
date it. In the northern part of area I the alders are more scattered. One cluster is located close to 
the tip of an island that was present in 1997 but may be younger, as the 2005 DEM (Figure 8) 
confirms that the cluster is aligned along a narrow channel between the island and another 
vegetated area to the east, which first appears in the 2003 image. 
Apart from the mature woodland on the floodplain, the northern part of area II (Area IIA, Figure 5) 
has displayed a sparse vegetation cover across all of the historical images, although by 2017 this 
sparse vegetation was enclosed within large coherent patches. Few alder trees were present in 
2019. Some isolated trees were located across bars that had been colonised by vegetation, 
particularly since 2003. Lines of alder are present along a floodplain edge whose position dates back 
to 1997 and the edges of a few bars that can be seen in the 2003 image and 2005 DEM. In the 
southern part of area II (Area IIB, Figure 6) several vegetated areas were present in the 1993 image, 
that have largely persisted as mature closed-canopy patches through all subsequent images. Since 
2003, these mature wooded areas have become increasingly surrounded by sparse and patchy 
vegetation. Almost all of the alder trees are arranged in lines. Some follow the floodplain edge, 
which may date back to the edge of an island that is present in the 1986 image. Others correspond 
to the edges of channels bars and vegetation patches observable in the 2003 image and 2005 DEM. 
The bed morphology in 2003 and 2005 shows little change and the broad form presumably dates 
back to the 2000 flood and persists through later images. The remaining alder lines border the edges 
of areas that have become vegetated since the 2005 image. 
In area III (Figure 7) several areas of mature, closed canopy woodland persist from the 1997 image 
through to 2017, although there are some notable parts of these patches that were removed by 
erosion between the 1997-2003 and 2005-2017 images, and numerous small vegetated patches 
have developed since 2005. Virtually all alder trees mapped in 2019 are arranged in lines 
corresponding to channel and island edges seen in the 2005 DEM (Figure 8) and also present in the 
2003 image, suggesting that they date back to the 2000 flood. There is also an area of alder present 
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towards the western edge of area III, on a bar that first appears in the 2005 image, suggesting 
formation during the 2004 flood. 
 
The topographic expression of alder and all woody vegetation 
Figure 9 synthesises information drawn from 2005, 2010 and 2013 lidar surveys on the elevation of 
the river bed within the entire study reach and the topographic distribution of all woody vegetation 
cover and locations occupied by alder in 2019 within areas I, II and III. Table 1 lists summary statistics 
for the bed elevation frequency distributions shown in Figure 9. 
There has been little change in the proportional frequency distribution of the riverbed elevation 
between survey years (Figure 9A) and that for the area under vegetation has changed only slightly 
(Figure 9B), particularly as vegetation has extended across lower areas of the bed between 2005 and 
2010, resulting in decreases in the median, mean and mode of the distributions (Table 1). However, 
the proportional elevational frequency distribution of the bed at sites where alder >4 m tall were 
observed in 2019 shows notable changes in shape as well as central tendency (Figure 9C). In Figures 
9D, E and F, respectively, the alder elevation distributions in 2005, 2010 and 2013 are overlain on 
the elevation distributions of the entire vegetated area for the same years and the average DEM for 
the study reach across all dates. Between 2005 and 2013, the elevational distribution of sites where 
alder was recorded in 2019 gradually approach but always remains displaced to the left (always at a 
generally lower elevation) than the distribution of all (i.e. P. nigra-dominated) woody vegetation. 
The riverbed elevation frequency distributions extracted from the 2013 lidar data for areas where 
alder was recorded in 2019 and for all woody vegetation cover are subdivided according to four tree 
height classes (Figure 10) for areas I, II and III combined (Figure 10A, B, C), and separately for areas I 
(Figure 10D, E, F), II (Figure 10G, H, I) and III (Figure10J, K, L). Note that for area II, the vegetation 
data are only for the southern part (Figure 6). The alder and total vegetated area in each bed 
elevation category are divided according to canopy height, using the ranges that were estimated to 
correspond to alder growth initiated before the 1996 flood (height (h) >10 m), between 1996 and 
2000 (8<h<10 m), between 2000 and 2004 (5<h<8 m) and after the 2004 flood (h<5 m). The alder 
dominance ratios (Figure 10C, F, I, L) are calculated for each elevation class by dividing the alder 
proportion in each elevation class (Figure 10A, D, G, J) by the total vegetation proportion (Figure 





Figure 9: Proportional frequency distributions of (A) the average DEM within areas I, II and III over-
plotted on the DEMs estimated from lidar data for 2005, 2010, 2013; (b) the elevational distribution 
of all woody vegetation cover within areas I, II and III from the lidar data for 2005, 2010, 2013; (C) 
the elevational distribution of the land surface at locations occupied by alder >4 m tall in 2019 from 
the lidar data for 2005, 2010 and 2013. The elevational distribution of all woody vegetation cover 
and of locations occupied by alder >4 m tall in 2019 in 2005 (D), 2010 (E) and 2013 (F) within areas I, 




Table 1  Descriptive statistics extracted from frequency distributions of the elevation of the entire 
river bed (DEM), of land surface at locations occupied by alder > 4m tall in 2019 (alder), and of all 
woody vegetation cover (vegetated area) estimated from the lidar data for 2005, 2010, 2013 for the 
whole of within areas I, II and III. 




DEM 2005 0 0.0 0.2 0.4 -0.4 
DEM 2010 0 -0.1 0.2 0.4 -0.5 
DEM 2013 0 -0.1 0.2 0.3 -0.5 
alder 2005 0.2 0.2 -0.3, 0.3* 0.6 -0.3 
alder 2010 0.2 0.1 0.3 0.5 -0.1 
alder 2013 0.3 0.3 0.5 0.6 -0.1 
vegetated area 2005 0.8 0.6 0.8 1 -0.6 
vegetated area 2010 0.6 0.5 0.7 0.8 -0.3 
vegetated area 2013 0.6 0.5 0.6 0.9 -0.4 
* this frequency distribution has two modes of equal proportional frequency 
 
Unsurprisingly, given that the 2019 alder survey focussed entirely on mature alder individuals (>4 m 
tall), the bars in the proportional elevational frequency distributions for all woody vegetation cover, 
show larger proportions of short canopies (<5 m), but they illustrate where the tallest vegetation is 
located. The alder are generally taller in area I than in area III, which are taller than in area II. The 
most frequent height class in area I is >10 m and virtually all alder trees are >8 m. The majority are 
>8 m in area III, whereas alder in area II are mainly <8 m. Furthermore, the proportional frequency of 
tall alders (>8 m) relative to shorter ones increases with bed elevation in all areas (i.e. alders are 
relatively older at higher elevations). Over the total area surveyed (Figure 10C) the relative presence 
of alder increases below a bed elevation of +0.2 m, whereas in areas I, II and III it increases at bed 
elevations below +0.3 m, +0.1 m and -0.3 m, respectively. In area II there is an increase in the 
relative presence of alder at the highest elevations (along the floodplain edge) but the proportional 





Figure 10: Proportional elevational frequency distribution of alder (A, D, G, J) and the total 
vegetation cover (B, E, H, K), subdivided into vegetation height classes (h<5 m, 5<h<8 m, 8<h<10 m, 
h>10 m) extracted from the 2013 DEM and overplotted on the average DEM for the entire reach. 
The alder dominance ratio of the vegetation (see text for explanation) within the bed elevation 
range -0.7 to +1.1 m. Data are presented for areas I, II and III combined (A, B, C) and separately for 





We discuss the results of the research in the light of the three aims stated in the introduction. 
 
Research Aim 1: To establish the changing spatial distribution of (P. nigra dominated) woody 
vegetation in general and A. incana alone 
An analysis of changes/persistence of channels, bars and vegetated areas depicted in historical 
images and lidar data (Figures 4 to 8) in relation to the occurrence of four bankfull floods (1990, 
1996, 2000, 2004) suggests two main phases in the development of the current, P. nigra dominated, 
woody vegetation cover across areas I, II and III. The precise magnitude of the 1990 and 1996 flood 
peaks are unknown, but historical aerial images show notable changes in braid plain morphology 
between the 1986, 1993 and 1997 images (Figures 4 to 7). Thus, the broad morphology of the river 
bed (major bar and channel pattern) first took on its contemporary form in the 1997 images (1986 in 
parts of area I). In all three areas (I, II, III), some distinct parts of the river bed and floodplain edges 
support persistent, mature, closed-canopy vegetation from this period until the most recent (2017) 
images, suggesting they were colonised following the 1990 and 1996 floods, although their margins 
have been substantially modified by more recent floods and post-flood recovery. The second phase 
commences with the 2000 flood, the largest in the time period covered by the historical images 
(Figure 3), which transformed the distribution of channels and bars in areas between established 
islands, and removed or modified floodplain and established island edges across the study area 
(compare 1997 and 2003 images, Figures 4 to 7). The 2004 flood was smaller and induced little 
change in the distribution of major bars, channels and islands (compare 2003 and 2005 images, 
Figures 4 to 7) but caused local scour, fill and migration of some features. Since these floods, 
vegetation has colonised extensive, previously-unvegetated areas, commencing with the appearance 
of isolated vegetated patches that, by 2017 were often incorporated into large coherent areas 
enclosing patchy (mixed age) vegetation. 
The main feature of the spatial distribution of the alder trees that were mapped in 2019 is that they 
are highly localised within the vegetated areas and are almost entirely arranged in distinct linear 
patterns that correspond to the edges of channels, bars, islands and floodplain. The first appearance 
of vegetation at the alder locations on the available images, suggests that most of these alder lines 
probably date back to the 2000 or 2004 floods. However, some are located along floodplain and 
island edges that date back to the 1996 flood. Distributions of alder-dominated canopy height in 
2013 (Figure 10) translated into age by assuming an average annual growth increment of 0.6 m, 
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confirm these estimates of the dates of the flood events that are likely to have initiated each of the 
lines of alder trees. The oldest (tallest) alder trees are mainly in area I, located predominantly along 
floodplain and island edges and old channel margins cutting across long-established islands. In area 
III, the margins of long-established islands and floodplain edges were extensively modified by the 
2000 flood, so there are fewer older (>8 m) alder trees than in area I. Area II supports a small 
proportion of older (>8 m) trees, mainly confined to remnant floodplain edges dating back to at least 
1996. In other parts of the surveyed areas, bed morphology was heavily modified by the 2000 flood, 
and so many alders in area III and a sizeable proportion in area II are <8 m tall, indicating 
establishment since 2000. One patch of alder in area III covers a bar established during the 2004 
flood (Figure 7, 2005 image) and so post-dates that event. These observations support our initial 
impressions of an expansion in alder within the study reach. However, expansion appears to mainly 
reflect recovery of the species following the largest flood on record in 2000, which removed many of 
the edges of features that alder appears to preferentially colonise, rather than any longer term trend 
towards colonisation of the study reach. 
These differences in spatio-temporal patterns of the vegetated area in general and the alder trees 
mapped in 2019 may be explained by a number of factors that influence the recruitment of A. incana 
and P. nigra. First, although A. incana can establish from stumps and root suckers, these tend to be 
associated with older trees (Rytter, 1996) of ages rarely achieved by vegetated surfaces on the study 
reach (Zanoni et al., 2008). Therefore, colonisation of the river bed by this species is most likely to be 
initiated from seeds. Furthermore, because the species appears to produce a short-term persistent 
seed bank (Thompson et al., 1997, Gosling, 2007), recruitment from seeds is not heavily dependent 
upon flood timing, but does require dispersal by floods to suitable germination sites, since wind only 
disperses the seeds short distances. In contrast, the seeds of P. nigra have an extremely short period 
of viability following their release in spring, and although they are widely dispersed by wind, the 
likelihood of arriving at a suitable moist, unvegetated germination site is much higher following 
water dispersal. Since the four large floods that were investigated occurred in the autumn 
(November 1990, June-November 1996, November 2000, October 2004), flood dispersal of seeds is 
unlikely to have led to significant recruitment of P. nigra, but is very likely to have supported 
recruitment of A. incana.  
Second, vegetative reproduction provides an alternative recruitment pathway for both species that 
is relatively insensitive to the timing of flood dispersal. However, lack of disturbance and moisture 
availability following propagule deposition remain influential, with their importance declining the 
larger the vegetative fragment (Francis, 2007). Large uprooted trees have significant internal 
resources and are relatively resistant to modest flood disturbances, often benefiting from such 
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disturbances by retaining fine sediments that may promote shoot and root growth (Gurnell et al., 
2005). Populus. nigra regenerates from many different types and sizes of vegetative fragments 
(twigs to whole uprooted trees) but regeneration of A. incana is more limited and, because trees 
rarely survive to a sufficient age within the study reach, is probably confined to sprouting from 
stumps. Stump sprouts are undoubtedly an important means of survival for established alder trees 
that are damaged but not uprooted by floods. Sprouts may also develop from flood uprooted and 
deposited trees, although this is less likely given A. incana’s preference for moist, nutrient rich sites 
(Rytter, 1996) that are rarely available to uprooted trees deposited on the open, free-draining gravel 
bars of the Tagliamento braid plain. Moist but usually coarse sediments are available along braid 
channel margins and finer, moisture-retentive sediments with some organic content are associated 
with pre-existing vegetated landforms (Petts et al., 2000, Gurnell et al., 2008, Mardhiah et al., 2014). 
Therefore, channel, floodplain, pioneer and established island edges may provide suitable sites for 
alder to regenerate from uprooted, snagged stumps, and undoubtedly offer suitable sites for 
germination of alder seeds, explaining the linear patterns displayed by this species. 
Third, whether recruitment commences from seeds or vegetative fragments, survival depends on 
favourable local growing conditions and sufficient time for growth before another major flood 
disturbance. For most riparian tree species there is a critical balance between being inundated by 
shallow, gentle floods that may promote growth, and deeper, disturbing floods that may uproot or 
bury plants. Sizeable flood disturbances occur frequently on the Tagliamento (Figure 3) and so 
mature trees are largely confined to high bar surfaces where disturbances are at a minimum and 
‘windows of opportunity’ (Balke et al., 2014) for growth and establishment are at a maximum. Based 
on field observations, riparian tree seedlings on the Tagliamento require a window of opportunity of 
at least two growing seasons to resist uprooting by modest flood disturbances, and four years is 
probably needed for trees to have a chance of surviving to maturity. On high bar surfaces, such four 
year windows appear to follow the 1996 and 2000/2004 floods (Figure 3). 
 
Research Aim 2: To investigate whether river bed topography can be associated with the changing 
spatial distribution of all woody vegetation and of A. incana, alone 
Evidence to support associations between vegetation and bed topography were presented in Figures 
9 and 10. This evidence only spans a period of eight years with some distinct hydrological properties 
(Figure 3). There were no significant floods between 2005 and 2008. In October 2008 there was a 
brief bankfull event, followed by four years of numerous intermediate flow pulses (Tockner et al., 
2000) culminating in a large flood in November 2012. 
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In 2005, sizeable trees had survived within established patches from the first phase of vegetation 
development. However, the four year window of opportunity between the 2004 and 2008 flood 
events probably also allowed newly recruited trees within the second phase of vegetation 
development to develop anchoring root systems and above-ground biomass that could trap fluvial 
sediments during flow pulses and aggrade bar surfaces, so lowering their risk of flood inundation 
(Gurnell, 2016). Aggradation around vegetation of 0.5 m in the first five years of growth and 1.5 to 2 
m over 25 years have been observed in the study reach (Gurnell et al., 2019). Hortobagyi et al. 
(2018, following Eichel et al., 2015) have described such periods of landform building as 
‘biogeomorphic feedback windows’, providing trees with elevational protection from floods and 
finer, moisture-retentive sediments within which to develop extensive root systems (Holloway et al., 
2017a, b, c). Furthermore, the numerous flow pulses between the 2008 and 2012 floods likely 
provided opportunities for further sediment trapping as the surviving trees matured, providing an 
increasing potential for them to survive the 2012 event. 
Between 2005 and 2013, there was little overall change in bed topography (Figure 9A) but the parts 
of the bed covered by woody vegetation expanded from the highest parts of the bed (vegetated 
areas surviving from the first phase of vegetation development following the 1990 and 1996 floods) 
across surrounding lower areas (the second phase of vegetation development following the 2000 
flood) (Figure 9B). Such rapid expansion of vegetated areas between floods reflects the occurrence 
of a four year window of opportunity and is typical of the middle reaches of the Tagliamento 
(Bertoldi et al., 2011a). It is impossible to firmly separate cause and effect from these aggregated 
graphs. However, the difference in the modes of the elevation frequency distributions for the 
vegetated area may highlight aggradation around the areas of vegetation from the first phase of 
vegetation development (2005 elevation distribution) and its combination with more restricted 
aggradation around the younger second phase vegetation (2010, 2013 elevation distributions), 
remembering that graphs from all dates incorporate the surviving first phase vegetated areas. 
However, likely interactions between areas colonised by alder and the underlying river bed (Figure 
9C) are clearer, not least because many of the 2019 alder trees post-date the 2000 flood. The 
elevation of the bed at sites occupied by alder individuals taller than 4 m (> 7 years old) in 2019 
generally increases from 2005 to 2013 (Figure 9C). The elevation frequency distribution of the area 
occupied by alder trees also progressively approaches that of woody vegetation in general (compare 
Figures 9D, E, F) over eight years, while still maintaining a significant presence across relatively lower 
areas of the river bed. These patterns suggest aggradation of the bed around alder trees and also 
recruitment of alder at lower elevations. Overall, alder appears to be colonising and aggrading the 
lower edges of the area occupied by woody vegetation over this eight year period. The link between 
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topography and age of vegetation in general and alder in particular is illustrated using the 2013 lidar 
data set (Figure 10), confirming the predominant presence of the tallest trees (Figure 10B, E, H, K) 
and the tallest (oldest) alder trees (Figure 10A, D, G, J) within the most elevated areas of the river 
bed, with younger alder trees most notable in the lower areas. 
 
Research Aim 3: To consider whether A. incana displays any particular characteristics in its spatial 
and topographic distribution that may indicate that it is complementing the physical engineering 
role of P. nigra 
Virtually all of the alder trees surveyed in 2019 were distributed in lines. Lines or wider strips are 
typical of the spatial distribution of cohorts of the Salicaceae along many rivers, reflecting the timing 
(spring) and flood characteristics needed for their recruitment (e.g. Johnson, 2000; Braatne et al., 
2007, Rood et al., 2003, 2005, 2008; Mouw et al., 2013), and also noted for A. incana seeds 
dispersed by relatively smaller autumn floods (Mouw et al., 2013). However, the lines observed for 
alder on the Tagliamento are very narrow, frequently being a single tree or at most two to three 
trees wide and corresponding to floodplain, island or channel edges. This suggests that, although 
flood timing is less important for recruitment of A. incana than P. nigra within the study area, 
topographic position, shelter and substrate may be more important for supporting early 
development. It may also indicate that the edges of vegetated areas (pioneer and building islands, 
Gurnell et al., 2001, 2005) initiated by sprouting of large P. nigra propagules, may provide 
particularly suitable sites for A. incana recruitment, and that in such circumstances A. incana may be 
a secondary coloniser following quickly after and benefitting from initial colonisation by P. nigra. 
Indeed, only one broader area of predominantly alder was identified in our field survey. This was 
located on a bar deposited during the 2004 flood (Area III, Figures 7 and 8), but even here, the bar 
was sheltered in the lee of an island. This area of alder is similar to elongated vegetated patches 
created by Salicaceae recruitment from seeds (e.g. Rood et al., 2003, 2005), but its sheltered 
location and finer substrate echoes the site characteristics associated with the lines of alder. 
The spatially aggregated data for woody vegetation in general within areas I, II and III, disguises the 
detail of interactions with the underlying river bed. Nevertheless, previous research at finer spatial 
scales within the study reach (Gurnell et al., 2019) and from comparisons of 1 km segments of a 20 
km length of the river containing the study reach (Bertoldi et al., 2011b) have already clearly 
established a topographic signature of P. nigra-dominated landform development across time and 
space. However, no such previous analysis exists for A. incana. Regardless of the age or spatial 
pattern of the alder trees, the present analysis has demonstrated that they are associated with 
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particular elevations across the braid plain (Figures 9 and 10). The species is predominantly located 
at lower elevations than the vegetated area in general, rendering it more susceptible to removal by 
large floods (such as the 2000 flood) than P. nigra, which occupies a wider elevation range. During 
the window of opportunity tracked by the lidar data between 2005 and 2013, the sites occupied in 
2019 by alder trees increased their elevation to approach that for the entire vegetated area. This 
temporal increase in bed elevation coupled with the fact that alder trees predominantly occur in 
lines along the edges of features, suggests that A. incana is not only a secondary coloniser but that it 
is also associated with pronounced aggradation around the edges of vegetated areas giving it a 
notable complementary role to P. nigra in engineering the river bed of the study reach.  
 
SUMMARY AND CONCLUSIONS 
Although our initial interest in A. incana was stimulated by an apparent expansion in its cover in the 
study reach during the last two decades, this does not seem to be attributable to an expansion of 
the local range of the species. Rather, it is probably attributable to enormous reworking of the reach 
morphology during the largest flood on record (in 2000). The fact that A. incana is generally 
observed in lines at relatively lower elevations and along the edges of vegetated areas, make the 
species more susceptible to damage and removal by such a large flood. 
The observed lines of alder correspond to floodplain, island, bar and channel edges, which may 
provide the moisture, protection and finer sediments that A. incana propagules require to germinate 
or sprout and establish. The nature of the propagules from which the surveyed trees developed are 
unknown but adjacent alder trees are often of very similar height and simple canopy structure, 
suggesting that they have grown from seeds deposited at the same time. Nevertheless, the 
sheltered, rough character of floodplain, island, bar and channel edges could also offer sites where 
uprooted trees could snag, providing opportunities for regeneration from stump sprouts. This may 
explain the more irregular multi-trunk form and wider spacing of some of the surveyed trees, 
although flood damage could also explain their complex canopy structure.  
Given their association with floodplain and island edges and the relationship of taller (older) trees 
with more elevated surfaces, A. incana in the study reach appears to complement the physical 
engineering of the dominant species, P. nigra. This suggests that P. nigra may facilitate colonisation 
by alder but then both species trap sediments to aggrade channel edges and bar surfaces and build 
island and floodplain landforms. Certainly over the studied period, the spatial distribution of A. 
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incana, regardless of its age, has preserved its origins along landform edges, and it appears to have 
helped to aggrade and root-reinforce the edges of island features initiated mainly by P. nigra. 
Such an interaction between species may occur on other rivers and is described among Salicaceae 
species by Hortobagyi et al. (2018). Here we have found evidence of complementary physical 
engineering between two species from different families and the processes of colonisation, 
facilitation and landform engineering seem to reflect distinct differences in species traits. Although 
we have demonstrated specific processes and interactions between two riparian tree species drawn 
from different families at a broad scale within the study reach, many questions remain unanswered. 
At a finer scale, we are exploring these complementary interactions between A. incana and P. nigra 
to establish their specific geomorphic outcomes in different river bed settings. The observed 
relationships in physical engineering of the river bed by these two species needs to be confirmed at 
other sites. Additionally, it is likely that similar roles may be performed by other combinations of 
species in other biogeographical settings, but this also remains to be investigated. 
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Growth performance data for A. incana from the published literature (Huss-Danell and Lundmark, 
1988; Aosaar and Uri, 2008; Johansson, 2005; Uri et al., 2009, 2014, 2017; Krzaklewski et al., 2012, 
Wilson et al., 2018) were almost entirely stand average measurements obtained from plantations 
where tree age was known from the date of planting or coppicing, and where tree diameter was 
measured at breast height (usually 1.3 m above the ground surface). Despite enormous variations in 
average annual growth increment between and within geographical areas, some decline was 
observed with increasing tree age (Figure IA). A reasonably well-defined curved relationship was 
established between tree height and stem diameter with diameter increasing more rapidly than 
height as trees aged (Figure IC).  
For the Tagliamento, tree ages were only estimated in 2007. When these are plotted against 
estimated annual growth increments and compared with published data (Figure IB), the Tagliamento 
estimates fall in the lower half of the published range for trees of the same age. When 
measurements of tree height and diameter taken within the study reach in 2007 and 2019 are 
compared with published data, the Tagliamento trees are shorter for the same stem diameter 
(Figure ID). The Tagliamento data also show far higher variance than the published estimates, but 
this is probably a result of comparing individual tree measurements from the Tagliamento with 
published stand averages. The 2007 and 2019 Tagliamento measurements of tree height plotted 
against stem diameter show a reasonably consistent trend, but the 2019 measurements are 
generally taken from taller trees. Since the aim in both years was to focus on the largest alder trees, 
the scatter plot provides evidence of an increase in the size of the largest trees between the two 
survey dates. 
A scatter plot of annual growth rate against tree height (Figure IIA) shows (i) lidar estimates of tree 
heights (in 2010 and 2013) plotted against lidar estimates of average annual growth rate (estimated, 
respectively, from the change in height 2005 to 2010 and 2005 to 2013) and (ii) 2007 field estimates 
of tree heights and average annual growth rates over the life of the tree (calculated by dividing the 
tree height by its estimated age). Despite the completely different methods used to obtain the lidar 
and field-based estimates, there is good overlap between the two data sets, although the lidar 
shows wider variance with some higher estimates of average annual growth increment. Two simple 
linear regressions of average annual growth increment (dependent variable) against tree height 
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(independent variable) for the lidar and field estimates, respectively, showed no significant 
regression slope (P>0.05). Quadratic regressions were also not statistically significant, despite the 
fact that trees generally show lower annual growth increments in their early years and when they 




Figure I: Annual growth rates of A. incana according to tree age (a) from the published 
literature and (B) in comparison with field measurements from the Tagliamento in 2007. 
Height of A. incana according to stem diameter (A) from the published literature and (B) in 
comparison with field measurements from the Tagliamento data in 2007 and 2019. Note the 
the data from the literature and almost entirely stand averages whereas the data from the 
Tagliamento are measurements of individual trees. (Data sources: Huss-Danell and 
Lundmark, 1988; Aosaar and Uri, 2008; Johansson, 2005; Uri et al., 2009, 2014, 2017; 




In the following analyses, the lidar data is used as the core data source. Therefore, only the lidar 
estimates of tree height and age were used to develop means of estimating general age-height 
relationships. Figure IIB shows a scatter plot of the lidar estimates of tree height and age overprinted 
with a growth curve based on a fixed growth increment of 0.6 m.yr-1 (dashed line). This rate, which is 
also overprinted as a dashed line on Figure 5A, approximates the median and mean lidar estimated 
growth rates of 0.63 and 0.59 m.yr-1. This fixed growth rate is compared with a best-fit logistic 
function (solid line) which emulates the S-shaped curve commonly described by vegetation growth 









h = vegetation height 
 𝜎 = a growth parameter 
hMAX = the maximum height the vegetation can achieve 
t = time 
 
 
Figure II:  Scatter plots of (A) average annual growth increment of A. incana estimated from 
lidar data (white circles) and from field measurements (black circles) plotted against tree 
height, and (B) lidar estimates of tree height plotted against estimated age (heights in 2010 
and 2013, respectively, plotted against estimates of annual growth increment from 2005 to 
2010 and from 2005 to 2013). The average annual growth rate (dashed lines) and the 
relationship between growth rate and height/age (solid curves) shown in A and B were 
estimated from the lidar data alone (white circles). 
 
In estimating this relationship, we took a value of 13 m for hMAX to exceed the 12 m maximum in the 
data. We then estimated the value of 𝜎 by minimising the root mean square error. We used the two 
relationships shown in Figure 5B to separate observations of alder across areas I, II and III into trees 
that probably post-dated three of the four flood events in our study period in 1996 (17 years before 
the 2013 lidar survey), 2000 (13 years before the 2013 lidar survey) and 2004 (9 years before the 
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2013 lidar survey). Both relationships give similar results: trees of 17, 13 and 9 years of age would be 
10.2, 7.8 and 5.4 m tall following the fixed rate of growth and 10.2, 7.6 and 4.7 m tall following the S-
shaped curve. Therefore, we selected approximate height thresholds of 10, 8 and 5 m to explore 
spatial distributions of alder of different age. 
 
 
